OBJect This study compared the safety and efficacy of treatment with the PRESTIGE LP cervical disc versus a historical control anterior cervical discectomy and fusion (ACDF). methOdS Prospectively collected PRESTIGE LP data from 20 investigational sites were compared with data from 265 historical control ACDF patients in the initial PRESTIGE Cervical Disc IDE study. The 280 investigational patients with single-level cervical disc disease with radiculopathy and/or myelopathy underwent arthroplasty with a low-profile artificial disc. Key safety/efficacy outcomes included Neck Disability Index (NDI), Neck and Arm Pain Numerical Rating Scale scores, 36-Item Short Form Health Survey (SF-36) score, work status, disc height, range of motion, adverse events (AEs), additional surgeries, and neurological status. Clinical and radiographic evaluations were completed preoperatively, intraoperatively, and at 1.5, 3, 6, 12, and 24 months postoperatively. Predefined Bayesian statistical methods with noninformative priors were used, along with the propensity score technique for controlling confounding factors. Analysis by independent statisticians confirmed initial statistical findings. reSultS The investigational and control groups were mostly similar demographically. There was no significant difference in blood loss (51.0 ml [investigational] vs 57.1 ml [control]) or hospital stay (0.98 days [investigational] vs 0.95 days [control]). The investigational group had a significantly longer operative time (1.49 hours vs 1.38 hours); 95% Bayesian credible interval of the difference was 0.01-0.21 hours. Significant improvements versus preoperative in NDI, neck/arm pain, SF-36, and neurological status were achieved by 1.5 months in both groups and were sustained at 24 months. Patient follow-up at 24 months was 97.1% for the investigational group and 84.0% for the control group. The mean NDI score improvements versus preoperative exceeded 30 points in both groups at 12 and 24 months. SF-36 Mental Component Summary superiority was established (Bayesian probability 0.993). The mean SF-36 PCS scores improved by 14.3 points in the investigational group and by 11.9 points in the control group from baseline to 24 months postoperatively. Neurological success at 24 months was 93.5% in the investigational group and 83.5% in the control group (probability of superiority ~ 1.00). At 24 months, 12.1% of investigational and 15.5% of control patients had an AE classified as device or device/surgical procedure related; 14 (5.0%) investigational and 21 (7.9%) control patients had a second surgery at the index level. The median return-to-work time for the investigational group was 40 days compared with 60 days for the control group (p = 0.020 after adjusting for preoperative work status and propensity score). Following implantation of the PRESTIGE LP device, the mean angular motion was maintained at 12 months (7.9°) and 24 months (7.5°). At 24 months, 90.0% of investigational and 87.7% of control patients were satisfied with the results of surgery. PRESTIGE LP superiority on overall success (without disc height success), a composite safety/efficacy end point, was strongly supported with 0.994 Bayesian probability.
P atients with intractable neck pain or increasing neurological deficit due to cervical spondylosis or disc herniation with radiculopathy and/or myelopathy, in whom nonoperative treatment modalities and therapy have failed, are appropriate candidates for surgical decompressive surgery. Anterior cervical discectomy and fusion (ACDF) has been the standard of care for more than 50 years, 2, 4, 10, 27 providing effective relief of patient symptoms by decompressing the neural elements and permanently stabilizing the functional spinal unit (FSU). In recent years, anterior cervical decompression and fusion with allograft bone and anterior plate fixation has contributed to better outcomes due to improved lordosis and reduced pseudoarthrosis. 4, 6, 10, 14, 32 However, complications including adjacent-segment degeneration (ASD), screw loosening, and plate-related complications have been widely reported.
1, 13, 15, 32 In response to these concerns and a nascent body of evidence in support of lumbar total disc replacement, 11, 33 cervical disc arthroplasty (CDA) devices were developed and implanted beginning in the 1990s. 7 In the United States, clinical trials of these cervical disc prostheses were initiated beginning in 2002, 3 offering the potential to restore and/or maintain anatomical disc space height, normal lordosis, and physiological motion in the cervical spine with the theoretical benefit of decreased ASD and other fusion morbidities. The first of several large, randomized controlled trials comparing CDA with ACDF began in 2002. As of this writing, a total of 7 CDA devices have been approved by the FDA after demonstrating outcomes at least comparable to ACDF for treatment of symptomatic cervical degenerative disc disease (DDD). 5, 8, [21] [22] [23] 26, 30 This study reports 2-year results of the FDA-approved investigational device exemption (IDE) study for the PRESTIGE LP Cervical Disc (Medtronic). The device is an unconstrained ball-in-trough, metal-on-metal articulation manufactured from a titanium ceramic composite.
methods

Study design
The study was approved by the Hughston Sports Medicine Center Institutional Review Board on January 7, 2005 . From January to November 2005, 280 nonrandomized patients at 20 investigational sites in this FDA IDE trial (clinicaltrials.gov: NCT00667459) received treatment by 50 investigators and coinvestigators for singlelevel cervical degenerative disc disease using a low-profile CDA device. The safety and efficacy outcomes for these patients were compared with data from the 265 historical control patients from a previous FDA-approved IDE study (clinicaltrials.gov: NCT00642876) with identical inclusion and exclusion criteria 21 who underwent ACDF with allograft bone and an anterior plate, utilizing a similar surgical approach. Patients were evaluated preoperatively, intraoperatively, and at routine postoperative intervals of 1.5, 3, 6, 12, and 24 months.
independent data review
Consistent with an emerging trend 9, 16 but still rare for an FDA IDE study of a spinal implant device, the study sponsor delivered the entire raw data set to a team of independent statisticians at Vanderbilt University for analysis. Using the identical methods from the original FDA-approved statistical analysis plan in the study protocol, the independent analysis reached the same statistical conclusions as the study sponsor for all proposed comparisons. Whereas the sponsor statisticians used the statistical software SAS (SAS Institute) to generate the summary tables and WinBUGS to conduct the Bayesian analysis, the independent statisticians used R software to generate the summary tables and JAGS to conduct the Bayesian analysis.
Statistical analysis
The results of FDA IDE studies for spinal devices have been almost exclusively reported using the Frequentist approach in the peer-reviewed literature. In the Frequentist approach, evidence for efficacy is generally thought to be provided by p ≤ 0.05. This is the probability of observing, over repetitions of the same experiment, a test statistic as impressive as or more impressive than the observed statistic for comparing 2 groups if the null hypothesis is true. Bayesian results are "positive," by comparison, when, for example, the posterior probability of efficacy is ≥ 0.95. For assessing evidence, the Bayesian posterior probability of a statement such as "Treatment 1 tends to be better than Treatment 2" is the probability that the statement is true. In addition, the 95% Bayesian credible intervals are provided for parameters of interest. The primary objective in this study was to show that the overall success rate in the investigational group was statistically noninferior to cONcluSiONS This device maintains mean postoperative segmental motion while providing the potential for biomechanical stability. Investigational patients reported significantly improved clinical outcomes compared with baseline, at least noninferior to ACDF, up to 24 months after surgery.
the rate in the historical control group. For deriving the overall success variable-the primary clinical trial end point-and for the purpose of statistical comparisons of secondary end points, the relevant variables were dichotomized as binary, that is, success or failure, using criteria described in the protocol for each specific endpoint. Generally, success was defined as maintenance or improvement compared with the preoperative measure, except for Neck Disability Index (NDI) success, which was defined as at least a 15-point improvement versus baseline.
The primary analysis data set consisted of all patients who received one of the study devices and completed surgical procedures. The outcomes of patients requiring an additional surgical procedure (removal, revision, or supplemental fixation) were recorded as a treatment failure for overall success, the primary study end point, and the last observations taken immediately before the additional surgical procedures/interventions were carried forward for all future evaluation periods. Descriptive statistics were provided for patient demographics, preoperative measures, and outcome measures using median, interquartile, mean, and standard deviation for continuous variables and frequencies for categorical variables. A 2-sample ttest or chi-square test was used to compare demographics and preoperative variables between the investigational and control groups. A paired t-test was used to compare pre-and postoperative changes in the outcomes within each group. Return to work was compared between the 2 groups using a log-rank test.
To adjust for any possible effects of demographic characteristics or preoperative measures on clinical outcomes, the propensity score technique was used. The propensity score was calculated based on a logistic regression model with the following covariates: age, height, weight, sex, race, marital status, education level, work status, workers' compensation, spinal litigation, tobacco use, alcohol use, nonnarcotic pain medication use, weak narcotic pain medication use, strong narcotic pain medication use, muscle relaxant medication use, time to onset of symptoms, and previous neck surgery, as well as treatment level and preoperative scores for NDI, 36-Item Short Form Health Survey (SF-36) Physical Component Summary (PCS), SF-36 Mental Component Summary (MCS), neck pain, arm pain, gait, foraminal compression test reaction, and neurological status (motor function, sensory, and reflex). Where an observation was missing for a given demographic/preoperative variable in a particular patient, the mean value of the corresponding treatment group was imputed for the missing data point. Covariate balance after propensity score adjustment was examined using ANCOVA or logistic regression.
Bayesian logistic regression models were fitted for primary outcomes (overall success, individual efficacy, and neurological status success at 24 months) with propensity score used as a covariate. Independent, "noninformative" priors were used for the parameters in the model. Markov chain Monte Carlo simulations were performed to obtain the posterior distributions of the control group success rate and the investigational group success rate, as well as the success rate difference between the treatment groups for an average patient with a propensity score set to be the mean of all patients. The mean of the posterior distributions and 95% highest posterior density (HPD) were reported. The noninferiority of the investigational treatment to the control treatment was established by demonstrating at least a 0.95 posterior probability that the control success rate was no more than 10% greater than the investigational success rate. Once noninferiority was demonstrated, superiority was established if the posterior probability of the investigational success rate being greater than the control success rate was at least 0.95.
Similar models were used to assess adverse events (AEs) and additional surgical procedures or interventions. Bayesian normal linear regression models were fitted for surgery length, blood loss, and hospital stay, and the propensity score was included as a covariate. Independent, "noninformative" priors were used for the parameters in the models, and posterior distributions were calculated for the mean outcome of the control group and the investigational group, as well as the difference between the 2 groups. For these outcomes, superiority of the investigational treatment to the control treatment was established if the posterior probability that the investigational group outcome was better than the control group outcome was at least 0.975.
Sensitivity analyses were performed for primary outcomes by using "per protocol" and "per protocol, in window" data sets. In the "per protocol" data set, patients who had major protocol deviations were excluded. The "per protocol, in window" data set further excluded any "out of window" visits. We also fitted a Cox proportional hazards model to investigate the time to return to work between the 2 arms; propensity score and preoperative work status were included as covariates. All analyses by the independent statisticians were performed using the software R 3.0.2 (www.R-project.org) and the software JAGS 
inclusion and exclusion criteria
Study sites with institutional review board approvals consented and enrolled eligible patients (Table 1) with symptomatic cervical DDD requiring surgery at a single level from C-3 to C-7. All had intractable radiculopathy and/or myelopathy recalcitrant to nonoperative treatment modalities, such as reduction of painful activities and an integrated therapy program that may have included neck stabilization exercises, antiinflammatory medications, and other modalities such as traction, massage, and/or moist heat. All patients were considered candidates for a singlelevel standalone ACDF.
device design
The PRESTIGE LP Cervical Disc is a dynamic device made of a titanium ceramic composite that is inserted into the intervertebral disc space of the cervical spine. The device comprises 2 low-profile plates that interface through a ball-in-trough mechanism (Fig. 1) , permitting segmental spinal motion. The device may also serve to maintain disc space height. Dual serrated keels on each endplate are attached to the vertebral bodies through impaction to stabilize the implant. A titanium plasma spray coating on the osseointegrating surfaces is intended to promote bony ingrowth. The device is available in various combinations of depth and height to accommodate the intervertebral disc space and to engage the adjacent vertebral bodies.
Surgical procedure and postoperative care
Both the investigational and historical control groups underwent surgery using a similar standard anterior approach to the cervical spine. The level of the disc space was confirmed radiographically, and dissection was not carried out past the midportion of the vertebral bodies adjacent to the operative disc space. The anterior annulus, disc, and cartilaginous endplates were removed. Gentle distraction was carried out, reestablishing the anatomical disc space height using either intradiscal distraction or Caspar vertebral body distraction pins.
The lateral margins of the disc space were exposed, extending superiorly off of the lateral margins of the inferior vertebral body. Hypertrophic uncovertebral joint spurs could be thinned with a high-speed bur; the neuroforamina could be enlarged with a fine curette or thin-footed Kerrison rongeur. The posterior annulus and posterior longitudinal ligament were partially or totally removed based on pathology and the central spinal canal was exposed and decompressed. The depth of the vertebral was precisely measured with a caliper.
In the investigational group, the endplates were preserved. The PRESTIGE LP implant that approximated the depth and height of the interspace was selected. Care was taken not to overdistract the interspace. The adjacent end- plates were prepared utilizing a dual keel-cutting device.
The implant was then impacted into the disc space.
In the control fusion group, the vertebral endplates were decorticated. An anterior plate was placed over the allograft (cortical ring) and secured to the adjacent vertebral bodies.
Patients were encouraged to ambulate immediately after surgery, and physical activities were advanced at the discretion of the attending surgeon. Smokers were encouraged to stop smoking. Use of nonsteroidal antiinflammatory drugs was recommended for the first 2 weeks postoperatively, with avoidance thereafter. An external soft-sided orthosis was used at the preference of the attending surgeon.
clinical Outcome measurements
Clinical outcomes were measured by validated instruments: the NDI and the SF-36. 19 Neck pain and arm pain numeric rating scales (adapted in part from McDowell and Newell 18 ), neurological status, patient satisfaction, and work status were also assessed. Patients were examined preoperatively and immediately following surgery and completed self-reported outcomes questionnaires before surgery and at 1.5, 3, 6, 12, and 24 months after surgery.
The primary IDE clinical study end point, as required by FDA and defined in the protocol, was overall success at 24 months (Table 2) , which required all of the following: NDI success, neurological success, disc height (FSU height) success, no serious AE classified as implant or implant/surgical procedure associated, and no secondary surgical procedure classified as a "failure."
radiographic assessment
The objective of the radiographic analysis was to characterize the radiographic measurements of the investigational device, in particular disc space height and maintenance of motion. Two independent reviewers from the core laboratory performed radiographic assessment measurements utilizing an orthopedic reading system and digitized images of plain radiographs obtained at scheduled intervals to assess the patients' progress. A third independent reviewer adjudicated conflicting findings.
Using FSU height (Fig. 2) was a surrogate for evaluating the maintenance of disc height or directly determining whether the implant had subsided. Using vertebral endplate distances in the conventional measurement of disc height was thought to be problematic due to visualization challenges created by the investigational implant, despite its low profile. Likewise, formation of a solid fusion mass can potentially obscure 1 or more measurement landmarks in fusion patients. The determination of FSU height success was based on whether either the anterior or posterior measurement had declined by no more than 2 mm compared with the 6-week postoperative assessment. FSU height success, although potentially indicative of neither safety nor efficacy, was an FDA-required component of the overall success measurement. Results are given both with and without FSU height success in this report.
device Safety evaluation
The neurological status of the patients was evaluated preoperatively and postoperatively. Overall neurological status success was based on demonstrating maintenance or improvement in each test-motor function, sensory function, and reflexes-compared with the preoperative status.
In addition to neurological success, the safety of the patient's treatment with the investigational device was also evaluated based on the nature and frequency of AEs compared with those occurring in the control group. The primary AE summaries and statistical comparisons are based on a hybrid term/category mapping scheme proposed by the FDA, which draws on the study sponsor's internal process and the MeDRA (Medical Dictionary for Regulatory Activities) coding system to place each of 20 classifications of AEs under a broad body system (for example, neurological, cardiac disorders), incident (for example, trauma, infection), or other (associated conditions/systems with small numerical incidence). Adverse events were characterized by their nature into categories and graded according to WHO criteria as "non-serious" (Grade 1 or 2) or "serious" (Grade 3 or 4) events. 31 These events were likewise classified according to their potential relation to the implant and/or surgical procedure. The AE relationship and severity determination were performed by an independent, external adjudication committee of 3 physicians, generating data for this publication and the sponsor's premarket application. An AE that resulted in a second surgical procedure would be classified as a "failure" if it required a supplemental fixation, implant removal, or a revision.
results patient accountability
Of the 280 investigational patients enrolled and treated with the PRESTIGE LP device in the study, information was received on 272 patients or 97.1% at 24 months compared with 84.0% of the 265 patients for whom any information was received in the control group. On the more conservative basis of counting only patients who had overall success outcomes (without FSU height) at 24 months, similar follow-up rates were achieved (96.8% and 83.0%, respectively). For overall success as defined by the FDA in the protocol (including FSU height), 80.7% of the investigational and 64.5% of the control patients had outcomes reported at 24 months.
patient demographics
As expected in light of the matching inclusion/exclusion criteria, the investigational and control groups were similar demographically, except for race and tobacco use. The historical control group had a higher percentage of patients using tobacco before their operation; however, fusion rates in the group were greater than 96%, indicating that smoking did not have a significant impact on fusion in that study.
There were no statistically significant differences in terms of preoperative medical history, medical condition, or medication usage. Likewise, there were no statistically significant differences in preoperative status of key efficacy end points (NDI, SF-36, neck and arm pain) between the 2 treatment groups. With respect to neurological status, we found that there was no significant difference in normal reflexes between the groups and that the rates of normal motor function and sensory function were significantly higher in the investigational group. However, all were statistically well balanced after adjusting for propensity score, as indicated in the last 2 columns of Table 3 . In summary, the investigational and historical control groups were comparable prior to surgery. Furthermore, potential confounding effects were statistically adjusted for by using the patient's propensity score as the covariate. This would support that conclusions drawn about safety and efficacy of the investigational device were based on treatment effect rather than confounding factors.
Surgical data
All patients were treated using a standard extrapharyngeal anterolateral approach, and more than 90% of patients in each group were treated at the C5-6 or C6-7 level. Patients were classified as "inpatient" (hospitalization) in 66.4% of PRESTIGE LP and 69.1% of ACDF cases. Mean operative time was 1.49 hours in the investigational group and 1.38 hours in the control group, a difference of approximately 6.5 minutes, which was statistically significant (95% credible interval 0.01-0.21). Blood loss and hospital stay were similar between the groups (Table 4) .
Safety measurements
The safety of the investigational device was evaluated based on the nature and frequency of AEs compared with those occurring in the control group. Table 5 provides a time course summary of operative and postoperative AEs for both treatment groups. The total number of events per category and the number of patients involved are also reported. Statistical comparisons of the AE occurrence rates were made using predefined Bayesian methods (Table 6) . Compared with the ACDF group, the investigational group had a higher rate of AEs categorized as anatomical difficulty, heterotopic ossification, implant event, neurological AE, spinal event, trauma, urogenital AE, vascular AE, and wound (noninfectious). As expected, the rate of nonunion events was significantly higher in the control group.
Adverse events that required a second surgery at the index level were classified as revisions, removals, supplemental fixations, or reoperations. A revision was defined as a procedure that adjusted or in any way modified the original implant configuration. A removal was defined as a procedure that removed 1 or more components of the original implant configuration without replacement with the same type of device. Supplemental fixation was defined as a procedure in which additional spinal devices not approved as part of the protocol were placed, including supplemental treatments such as bone growth stimulators. A reoperation was defined as any surgical procedure at the treated spinal level that did not remove, modify, or add any components. Examples of reoperations included procedures to remove disc materials and bone fragments, as well as decompression procedures. Secondary surgical interventions occurred in both treatment groups, and results at 24 months are compared in Table 7 . The mean difference in the rate of supplemental fixation procedures between the investigational and the control group was -0.026 (95% credible interval -0.052 to -0.007). The posterior probability that the investigational group had a lower rate of supplemental fixation procedures was 0.995, demonstrating statistical superiority over the control group. Excluding external bone growth stimulators from supplemental fixation, rates were similar between the groups. The percentage of patients undergoing secondary surgeries at the adjacent level, cumulatively up to the 24-month follow up, was similar: 2.5% of investigational and 4.2% of control patients.
In this study, device-and device/surgical procedure-related AEs were reported in 12.1% of investigational and 15.5% of control patients, although the rates were very similar after factoring out the control group-specific nonunion category. The incidence of AEs that were both serious and classified as device-and device/surgical procedure-related events was also similar in the investigational (5.0%) and control (4.9%) groups.
radiographic Outcomes
Measurements pertaining to the FSU were made to evaluate maintenance of disc height during the postoperative period. Because of both visualization challenges and the requirement that both 1.5-month and 24-month measurements were needed to achieve FSU success, a success/ failure determination could not be made for approximately 20% of patients in the investigational group. FSU height success rates were high for those patients for whom measurements were available, exceeding 90% for both treatment groups at all 4 postoperative evaluations. Statistical noninferiority was demonstrated with a posterior probability of 0.992. Angular motion (Fig. 3) and translational motion at the index level were measured throughout the postoperative course. For the investigational group, mean angular motion was maintained postoperatively at 12 months (7.85°) and 24 months (7.51°), whereas mean translational motion for the postoperative period ranged from 0.90 mm to 1.03 mm. The independent radiologists at the core laboratory reported bridging bone in 5.95% of investigational patients.
Motion at levels adjacent to the surgery was also measured at planned postoperative intervals. Preoperatively and at all postoperative measurements, motion was greater in the control group at both the superior and inferior levels. Mean angular motion increased in both the investigational group and the control group at the superior level at 12 months and 24 months, whereas at the inferior level at 24 months, both groups declined compared with the mean motion measured at 12 months (Table 8) .
Efficacy End Points
Compared with preoperative pain and disability assessments, highly significant improvements (all p < 0.001, paired t-tests) in NDI, SF-36 PCS and MCS, neck pain, and arm pain scores were achieved at 1.5 months and sustained through the patient assessments at 24 months for both the investigational and the control groups. Mean NDI improvements at 12 months and 24 months exceeded 30 points in both treatment groups (Fig. 4) .
Success rates, with success generally defined in the protocol as maintenance or improvement compared with preoperative scores, were compared for the secondary end points (except NDI) using Bayesian methods (Table  9) . Compared with the control group, the investigational group had a numerically higher rate of NDI success (≥ 15-point improvement), of neurological status success, of arm pain success, and of MCS success. The success rates of FSU height, neck pain, and SF-36 PCS in the investigation group were numerically lower than those in the control group. The posterior probabilities (Fig. 5) that the success rate in the control group was less than 10% higher than in the investigational group were essentially 1.0 for all outcomes except SF-36 PCS, thus demonstrating statistical noninferiority of the investigational group to the control group for these outcomes. The posterior probabilities that the success rate in the investigational group was higher than control group were 1.000 (approximately), 0.993, and 0.994 for neurological status, SF-36 MCS, and overall success without FSU, respectively. These Bayesian probabilities exceeded the threshold of 0.95, providing for a conclusion of statistical superiority of the investigational group to the control group.
treatment effectiveness and patient Satisfaction
Patients were asked to evaluate their overall impression of their treatment effectiveness as a function of pain at each postoperative follow-up interval. The 7 possible responses ranged from "completely recovered" to "vastly worsened." At 12 months and 24 months following surgery, 86.1% and 86.6%, respectively, of the investigational patients indicated that they had either "completely recovered" or were "much improved." In the control group, the rates were 74.9% and 80.8%, respectively. At the same intervals, patients were asked to respond to 3 statements pertaining to their satisfaction with their treatment (Table 10) . Patient responses at 12 months and 24 months after surgery indicated high satisfaction in both treatment groups, with rates of "definitely true" or "mostly true" responses ranging from 82.2% to 90.7%.
Overall Success
A patient was determined to be an overall success only if all 5 variables in the FDA-defined measure were successfully achieved: NDI success; neurological success; disc height (FSU height) success; no serious AE classified as implant or implant/surgical procedure associated; and no secondary surgical procedure classified as a "failure." The rate of overall success in the investigational group exceeded the rate in the control group without FSU height success by 0.111 (95% credible interval 0.026-0.196), and with FSU 0.031 (95% credible interval -0.07 to 0.135), respectively ( Table 9 ). The posterior probability that the overall success rate (without FSU) in the investigational group was higher than the control group was 0.994, indicating a statistically significant superiority. Sensitivity analyses using the per protocol data set or the per protocol in-window data set produced similar results (data not shown).
return to work
Patient work status was recorded preoperatively and at each follow-up visit. Prior to surgery, 67.1% of investigational and 62.6% of control patients were reported to be working. At the 24-month follow-up, the percentage of patients working was similar in the investigational (73.4%) and control (75.9%) groups. However, a Kaplan-Meier time-to-event analysis demonstrated that PRESTIGE LP patients returned to work a median 20 days sooner than ACDF patients, and in the Cox regression analysis, the adjusted hazard ratio was 1.28 (95% CI 1.04-1.59, p = 0.02) in favor of investigational patients.
discussion
Cervical disc arthroplasty was developed with the goal of safely providing patients with comparable pain and disability improvement to ACDF while maintaining physiological global cervical motion and thereby potentially avoiding many of the reported complications of cervical arthrodesis for single-level disease. In this study, as with the other FDA-approved cervical disc prostheses, PRES-TIGE LP was found to provide as good or better pain and disability outcomes compared with ACDF 24 months after surgery. The investigational devices were likewise found to be as safe as the control treatments, based on AEs, second surgeries, and neurological status. Patient satisfaction was high for both treatment groups in each study. The cumulative Level 1 evidence from thousands of patients in these very large clinical trials provides compelling support for surgical treatment of this cervical DDD patient population using either ACDF or CDA.
Using a historical cohort in this device study is admittedly subordinate in preference to a randomized trial. Nevertheless, the statistical analysis plan, as part of the entire protocol, was extensively reviewed with and approved by the FDA. Bayesian propensity score techniques (logistic regression model) used by the original designers of the study-and again by the independent statisticians-balanced all covariates, removed the opportunity for variation caused by cofounders, and validated the statistical comparability of the 2 study groups. Although the surgical approach is essentially the same for cervical arthroplasty or ACDF, there are subtle differences in the procedures that could lead to statistical differences in postoperative neurological test results. No statistical difference was reported at 24 months in at least 1 study, although most of the cervical arthroplasty IDE studies did report a difference at 24 months. The onset of adjacent-level changes in the fusion group may also have contributed to a decline in neurological outcome over time.
Safety assessments are a critical component of the FDA approval process for investigational devices. In this study, overall AE rates were higher in the investigational group than in the historical control group; this may be attributable in part to the high follow-up rates in the investigational group. One of the 8 AE categories in which the control group had statistically lower rates than the investigational group was heterotopic ossification, a finding reported by the investigator surgeons without third party review and without reference to grading or severity. A total of 31 heterotopic ossification AEs were reported in 27 investigational patients (9.6%) compared with 21 events in 15 patients (5.7%) in the control group. Despite the lack of formal grading, this compares favorably with risks of heterotopic ossification up to 24 months after CDA that were reported in other FDA studies of single-level CDA. 23, 29 The independent radiologist findings in this study, while not evaluating heterotopic ossification per se, did report on the incidence of bridging bone (5.95%) in investigational patients at 24 months, defined as evidence of a continuous connection of trabecular bone between vertebral bodies.
There was 1 revision procedure in the investigational group. After the device was reported to have migrated at approximately 2 months after the index surgery, the artificial disc device was removed and replaced with the same device in a different size. Thaler et al. reported high rates of undersizing of the most commonly used cervical disc implants, including the PRESTIGE LP, and warned of potential consequences, including subsidence, migration, heterotopic ossification, and biomechanical failure caused by incorrect center of rotation and load distribution. 28 As a general rule, patients tend to return to work when their pain has improved to the point that they are able to work. The patient in this study is asked at each followup after surgery if he/she is employed. If not, the patient is asked if this is because of neck pain. Following surgery, CDA patients report NDI improvement much more quickly than ACDF patients, particularly at 6 weeks and 3 months postoperatively. Although it is possible for surgeon preference to be a factor, pain and disability improvements track closely with return to work after surgery.
Adoption and utilization rates for CDA continued to lag behind ACDF following FDA approval in 2007 of the initial devices available in the US: PRESTIGE, BRYAN Cervical Disc, and ProDisc-C. 17 Four-to 5-year data are now published in the peer-reviewed literature for these devices, providing the first confirmatory Level 1 evidence that disc arthroplasty patients do at least as well as or better than ACDF control patients not just after 24 months, but also on a longer-term basis. 5, 25, 34 For PRESTIGE LP and other more recently developed prostheses, if long-term results also confirm initial outcomes trends, this will offer the potential for additional support of CDA as a substitute for ACDF in appropriately selected patients with single-level degenerative disc disease. Meanwhile, debate continues regarding the benefits of CDA over ACDF, in particular the prospect of reduced adjacent segment degeneration and reoperation rates, 3, 12, 20, 24, 35 as additional long-term evidence continues to be published.
conclusions
The PRESTIGE LP Cervical Disc maintains mean postoperative segmental motion while providing the potential for biomechanical stability. Investigational patients reported significantly improved pain and disability outcomes, as good or better compared with ACDF, up to 24 months after surgery. 
